This work focuses on the impact damage evaluation of a carbon fiber-reinforced thermoset composite at a component level (beams) as an effort to develop the service strategies for this class of materials. The beams were impact damaged at a variety of energy levels, and the pulse thermography nondestructive evaluation approach was used to characterize the damaged areas. The damaged beams were subjected to compression tests to evaluate their residual properties. As expected, both the beam maximum load and residual stiffness decreased with the increase in damage size. The damage growth rates under different load levels were investigated in fully reversed torsional fatigue tests. The fatigued beams were also characterized for their residual compression properties, which were then compared with those of the unfatigued beams. The results will be used to develop computer-aided engineering models to predict the residual strength and fatigue life of damaged composite components.
Introduction
Advanced carbon fiber composites have attracted significant attention due to their high strength-to-weight and stiffness-to-weight ratios. 1, 2 However, the orthotropic nature of many composite materials leads to a relatively low through-thickness strength. These composites can thus be damaged by various loadings, especially impact loading. The impact damage in a thermoset composite is often a complex mixture of interlaminar fracture (delamination), intralaminar fracture (matrix cracking and fiber/matrix debonding), and fiber fracture. [3] [4] [5] The presence of the damage can result in a significant compromise on the composite performance. Thus, one focus on the development of advanced composite structures is to address the damage tolerance behaviors of these materials. 6 Damage tolerance addresses the ability of a damaged composite structure to maintain its functions under typical loading and environmental conditions for a specified service period. 7, 8 Although this concept has been introduced in aerospace and general aviation applications, it still lacks a well-established clarity in the automotive industry. 9 Numerous experiments show that the low-velocity impact damage in composite materials can significantly reduce their static as well as fatigue capacities. 5 In a fatigue load scenario, the damage grows and can eventually lead to the structure failure. Although a series of study on the fatigue behavior of carbon fiber composites has been conducted, it is still difficult to predict the residual strength and fatigue life of the impact-damaged composite structures because of the complexity in failure mechanisms. [10] [11] [12] [13] [14] [15] [16] In order to ensure a margin of safety and fully realize the weight-saving potential of composite structures in the automotive industry, understanding the composite performance degradation due to impact damage and fatigue load is thus a necessity.
In this work, a beam structure was used for the damage tolerance study at the component level. The material was a noncrimp carbon fiber (NCF) fabric-reinforced composite. The methodology for the performance evaluation included three steps: the beams were impact damaged at different energy levels and the damage size was characterized using pulse thermography; the damaged structures were tested under compression loads for their residual mechanical properties; and after being subjected to torsional fatigue tests, the damage growth rates and the beam residual mechanical properties were characterized.
Materials and experiments

Materials and sample preparation
The damage tolerance of the beam structures made of a NCF-reinforced thermoset composite was investigated. ] s quasi-isotropic composite structure. The resin used was an epoxy system consisting of 100 parts of Dow DER 383 epoxy and 80 parts of Broadview Technologies BV2-PS1 precatalyzed anhydride. The resin was preheated to 65 C for 5 min to remove the air bubbles and then poured into the mold to make beam halves. The resin wetted the fabric in a few seconds. The wetted fabric was then compression molded on a 100 ton PHI hydraulic press. The molding was conducted at 0.28 MPa at 130 C for 20 min. The beam halves were postcured at 140 C for 2 h. The flat plaques made using the same materials and molding process were tested for their tensile and compression properties, and the results are listed in Table 1 .
Acid digestion was used to determine the fiber and void contents of the composite plaques. The fiber weight was measured after sulfuric acid digestion for more than 3 h. The fiber and resin densities used were 1800 and 1202 kg/m 3 , respectively. The calculated fiber and void volume contents were 48.2 and 3.1%.
To make the component-level beam structures for evaluation, two beam half sections were bonded using the polyurethane based Pliogrip 7770B adhesive (Ashland, MI) in the flange area as shown in Figure 1 . Glass beads with a 0.762 mm diameter were used to control the bond thickness. The adhesive was oven cured at 110 C for 2 h. In addition, three bolts were used in each flange area as the adhesive peel stoppers. As shown in Figure 1 , the dimensions of the beams were 15 cm Â 9 cm Â 30 cm. The width of the flange was 2.5 cm. The two ends of the beams were wrapped using prepreg to reduce the stress concentration during the mechanical tests (the details are discussed later in the text).
Damage types and damage detection
Two types of damages including the impact damage and the slot cut were evaluated in this work. Impact damage is one of the most common damage types in composite structures. The impact damage was introduced to the center of the beam face using the Instron 9250HV Dynatup drop tower as shown in Figure 2 (a). To achieve a consistent damage size from the impact, the beam was clamped at the two ends onto the Dynatup base and supported using a 10 cm diameter hollow pipe that was placed inside and in the center of the beam as an insert. A 25 mm diameter hemispherical striker and a 7 kg drop weight were used to introduce impact energies ranging from 15 to 70 J to the beams. As the entire damage to composite components is not always visible to the naked eye, nondestructive evaluation (NDE) is typically used to determine the extent of the damage. In this work, the impact damage was detected using pulse thermography, and the diameter of the smallest circle that encompasses the damaged area was used to define the damage size. Flash thermography is a fast and effective NDE approach. The system was the Thermal Wave Imaging ''ThermoScope II IR'' consisting of two high intensive flash lamps, one infrared camera, and one data acquisition system. The flash lamps were used as the heat source for the uniform illumination of the target surface. They offer an extremely short exposure time of around 4 ms and can generate a high intensity light of around 9.6 kJ per flash. The infrared camera has a 640 Â 512 resolution InSb detector with snapshot FPA of 3-5 mm and a 14 bit digital data output. Its frame rate can reach 30 frame/s at a resolution of 650 Â 512 and 120 frames/s at a resolution of 320 Â 256. To characterize the damage, the intensity of the illuminating heat lamps was set to 100%, and a 30 fps camera frame rate was used for a 15 s data acquisition.
Mechanical tests
Compression tests were conducted on an Instron 5984 frame. In order to achieve an even loading and avoid premature buckling, the two ends of the beam were cut in parallel. The test setup is shown in Figure 3 . Beam ends were placed in two 2.5 cm thick steel clamps, which were bolted through a circular metal plate and fixed onto the Instron base. The tests were performed at a speed of 2 mm/min until failure.
Torsional fatigue tests of the undamaged and damaged beam structures were conducted at a 3 Hz frequency with an R value of À1 at MGA Research Corporation (Troy, Michigan). A hydraulic linear actuator was used to perform the test. To reduce the stress concentration at the two ends of the beam under the torsional load, the beam ends were wrapped up with a first 3.8 cm wide prepreg layer and a second 2.5 cm wide prepreg layer on top of the first layer to make two steps. The fiber layup of both prepreg layers was [0 /À45 /þ45 /90 ] s . The tests were load controlled and the two torsional load levels applied were 800 and 1200 N m. The damage growth rates at different load levels were examined using flash thermography as described above. The fatigued beams were also tested for their residual compressive strength.
Results and discussion
NDE of the damaged beams
Pulse thermography is one of the most popular NDE techniques. It can fast detect and qualitatively assess the defects underneath the surface. Basically, in this process, the specimen is briefly heated through a thermal stimulation pulse, and the temperature decay curve is recorded by an infrared camera. The duration of the thermal stimulation pulse ranges from a few milliseconds to a few seconds depending on the thermal conductivity of the object. The pulse rises the temperature of the material and the temperature drops after the pulse through thermal diffusion. The presence of a defect obstructs the transient heat flow so to affect the infrared radiation distributions on the surface, which can be captured by an infrared camera. The types of detectable flaws can be blisters, delamination, and foreign inclusions or inserts which have different thermal characteristics. Figure 4 shows some of the representative pulse thermography and digital images of the beam structures that were impact damaged at different energy levels. Compared to the digital image of the same beam, the pulse thermography image shows a bigger damage area. As discussed in the previous sections, delamination, intralaminar fracture, and fiber fracture are the major damage mechanisms in the beams, but some of these features are invisible to the naked eye. The pulse thermography can effectively capture the damages in the beams as shown in the figure. The diameter of the smallest circle that encompasses the most significant damage area is used to measure the damage size. As both the load cases and the structure geometries can be complex for a composite automotive part, this definition offers a quick and effective way to characterize the damage. The response of the beam laminate at a low impact energy (<10 J) was mainly elastic indentation or barely visible damage on the surface. When increasing the energy level, cracks were formed. The front surface of the impact showed a relatively less severe degree of damage compared to the back surface. When the striker encounters the laminates, the bottom plane experiences the highest bending, causing extensive delamination accompanied by splits along the fibers, matrix cracking, and fiber breakage at a high energy level. Figure 5 is the plot of damage size versus impact energy level. As can be expected, with the increase of the impact energy level, the damage size increases. The damage size and the impact energy level showed a nearly linear relationship when the damage size was in the range of $30-70 mm with the current experimental setup. A linear curve fitting was applied and the R 2 value was about 0.96. At the energy level of 65 J, the damage size reached 71 mm. A further increase in the energy level does not increase the damage size in the finite beam face linearly. The shape and size of the striker as well as the shape, size, and boundary conditions of the structure will need to be considered to predict the damage size when it is beyond a limit. In this work, the beams were impacted multiple times at different locations to generate enlarged damage areas for the mechanical performance evaluation.
Residual compression properties of the damaged beams
Compression tests were performed to evaluate the residual properties of the damaged beam structures. Two types of damages including the impact damage and the slot cut were introduced to the beams to compare the effect of different damage types. Figure 6 shows the residual maximum load and stiffness versus the damage size in the beam structures. For the damaged beams, most of the failures were initiated in the damaged area and propagated across the beam flanges in the compression tests. Figure 6 (a) is the chart of the maximum load versus damage size. The maximum compressive loads of the undamaged beams averaged 129 kN. For both impact damaged and slot cut beams, the increase of the damage size results in the gradual decrease in the maximum load. Precise load prediction can be complicated due to the complexity in the damage patterns and the structure geometries. A simplified approach can make the damage evaluation on an automotive part more effective. Linear curve fitting was thus attempted to describe the compromise on the beam maximum load. As can be seen from the figure, the fitting curves for beams with the two damage types are very similar. The similar load degradation trends for the beams with different damage types indicate the load compromise of the beam structure is more sensitive to the damage size characterized using flash thermography than the two damage types evaluated in this work. The test results show some scattered patterns, which is mainly due to the complexity in the damage mechanisms and the experimental deviations. Figure 6 (b) shows the residual beam stiffness versus damage size plot. The average compressive stiffness of the undamaged beams was about 580 kN/mm. The general trend still shows the beam residual stiffness gradually drops with the increase in the damage size. This residual beam stiffness versus damage size curve also does not clearly differentiate the two damage types (i.e. slot cut and impact damage). This curve shows a more scattered pattern compared to the maximum load versus damage size curve, which again indicates that the complexity in the damage mechanisms can affect the beam properties.
The beam residual performance was normalized to further analyze and understand the behaviors of the damaged beams. The normalization was conducted by dividing the maximum load/stiffness by the value of (beam circumference À damage size), which is the portion of the damaged composite structure that bears the applied load. Figure 7 (a) plots the normalized maximum load versus damage size. Basically, the normalized residual compression loads scatter around a horizontal line (y-value ¼ 0.213) with a standard deviation of 0.031. This shows that the residual compression load can be treated as being proportional to the size of the undamaged region (beam circumference À damage size) in the investigated damage range, although the complexities in both the beam damage mechanisms when impact damaging the beams and the failure modes when conducting the compression tests can affect the beam properties as indicated by the standard deviation. The normalized stiffness values with various damage sizes are plotted in Figure 7(b) . The average of the normalized stiffness values was 1.078, and when fitting these values around a horizontal line with a y-value of 1.078, the standard deviation was 0.121, which is higher compared to the residual compression load.
Damage growth with fatigue
Damage tolerance determines the service period of a damaged structure. A structure is subjected to various loading conditions in service, which can be simulated by fatigue tests. In this work, the damaged beams were tested for their torsional fatigue performance. Figure 8(a) shows the damage growth of the beams with different initial damage sizes under two fatigue loads. The two initial impact damage size levels were $50 and $75 mm, and the two fatigue load levels were 800 and 1200 N m. When the beam initial damage size was small ($50 mm), the damage size of the beam increased from 51 to 59 mm in one million cycles under an 800 N m fatigue load, and from 50 to 60 mm under a 1200 N m fatigue load. These correspond to a 16 and a 19% damage size growth, respectively. Therefore, increasing the fatigue load from 800 to 1200 N m does not affect the damage size growth rate significantly when the initial damage size is around 50 mm.
When the beams with a big damage size ($75 mm) were subjected to the fatigue test, the damage of the beam with a 72 mm initial damage size grew about 25% in one million cycles under an 800 N m torsional fatigue load. However, the damage grows significantly in the beam with an initial damage size of around 77 mm under a 1200 N m load as shown in the figure. The size of delamination grew about 39% when it reached one million fatigue cycles.
Figures 8(b) and 9(c) show the pulse thermography images of the two representative beams at different cycle numbers: B60A had an initial damage size of 51 mm and was fatigued at 800 N m, and B74B had an initial damage size of 77 mm and was fatigued at 1200 N m.
Residual compressive properties of the fatigued beams
The beam compressive properties, such as the maximum compressive load and the stiffness, have been evaluated after the fatigue tests. For the undamaged beams, the average of the maximum loads before Cycle# 0 Cycle# 100.000 Cycle# 500,000 Cycle# 750,000 Cycle# 1,000,000
Cycle# 0 Cycle# 100.000 Cycle# 500,000 Cycle# 750,000 Cycle# 1,000,000 fatigue was 128.6 kN, and it was 122.5 kN for the beams that have been fatigued for one million cycles. The discrepancy of the average maximum loads before and after fatigue is only 4.7%. The average beam stiffness before fatigue was 578 kN/mm. Compared with the average stiffness of 569 kN/mm after fatigue, the stiffness has been compromised by about 1.6% in one million cycles, which is not a significant level. Figure 9 (a) includes the maximum compressive loads of the fatigued beams in the profile of the maximum load of the unfatigued beams versus the damage size ( Figure  7(a) ). The residual compressive loads after fatigue (blue dots) fit in the unfatigued curve, which indicates that the maximum compressive loads of the damaged beams have not been compromised significantly by the 800 and 1200 N m fatigue histories. Under the current experimental conditions, the maximum compressive loads of the fatigued damaged beams are related to the fatigue history (fatigue cycles) as a result of the increased damage size in fatigue.
In Figure 9 (b), the stiffness of the damaged beams before and after fatigue is plotted. The stiffness values of the damaged beams after fatigue also fall into the similar trend as those of the damaged beams before fatigue. Similar to the maximum loads, the fatigue at 800 and 1200 N m load levels does not compromise the beam residual stiffness evidently, and the beam stiffness is related to the fatigue history as the fatigue increases the damage size.
The normalized performance comparison between the fatigued and unfatigued beams with different damage sizes is plotted in Figure 10 . Figure 10(a) is the normalized maximum loads with various damage sizes. As discussed in the previous text, the standard deviation was 0.031 when fitting the maximum loads of the unfatigued beams to a horizontal line of y ¼ 0.213. Adding the data points from the fatigued beams changed the standard deviation to a slightly smaller value of 0.028. Figure 10(b) shows the normalized stiffness with various damage sizes. Similarly, when fitting the stiffness of the unfatigued beams to a horizontal line of y ¼ 1.078, the standard deviation was 0.121. Adding the data points from the fatigued beams reduced the standard deviation to 0.109. Again, these observations indicate that the fatigue does not significantly compromise the residual compressive load and stiffness of the damaged component under the currently investigated fatigue loads.
Conclusions
Beam structures of a NCF fabric-reinforced thermoset composite have been prepared to evaluate their damage tolerance behavior at a component level.
The beams were subjected to impact damage at different energy levels, and the damage sizes were characterized using the pulse thermography NDE approach. The damage size increased nearly linearly with the impact energy level under the current experimental conditions. When the impact energy was 65 J, the damage size was about 71 mm. Delamination, intralaminar fracture, and fiber fracture were the major damage mechanisms.
The damaged beams were characterized for their residual compressive behaviors. It was found that the compromises on the residual compressive load and stiffness were nearly proportional to the damage size but not sensitive to the damage type (impact damage versus slot cut). As an example, when the impact damage size was about 165 mm, the residual compressive load dropped by about 47% to 68 kN and the residual stiffness dropped by about 28% to 416 kN/mm.
The damaged beams were also tested for their fatigue performance. For the fatigued beams, both the initial damage size and the fatigue history showed a significant bearing on the damage growth rate and thus the beam performance.
Declaration of Conflicting Interests
The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publication of this article. 
